Using electron microscopic autoradiographic techniques, the uptake of [methyl-3H]thymidine into uninfected and guinea-pig cytomegalovirus (GPCMV)-infected guinea-pig embryo (GPE) fibroblast cells was investigated. In GPCMV-infected GPE cells, [methyl-3H]thymidine uptake into cellular DNA was inhibited prior to the onset of virus DNA synthesis as well as during the entire period of virus replication. Virus DNA synthesis increased slowly during the period of active virus replication, which usually lasted from 18 to 48 h post-infection. Only the electron-dense amorphous matrices and fibrillar structures in the nuclear inclusions were associated with the tritiated labels and thus contained virus DNA.
INTRODUCTION
Guinea-pig cytomegalovirus (GPCMV) induces characteristic intranuclear inclusions in cultured guinea-pig cells. The inclusion body consists of virus nucleocapsids, proteinaceous tubular structures, amorphous matrices with moderate electron density, and occasionally, electron-dense fibrils (Middelkamp et al., 1967; Fong et al., 1979) . The chemical nature of the amorphous matrices and fibrils has not been identified. The study of DNA synthesis, using light microscopic autoradiography, in human cytomegalovirus-infected cells has been reported by Goodheart et al. (1964) . However, a correlation between virus DNA synthesis and the presence of morphological structures within virus inclusions could not be obtained without using high resolution autoradiography, a technique which has been applied in the study of many other virus-infected cells.
The purpose of the present study was to combine electron microscopy with autoradiography as a means of localizing virus DNA synthesis by measuring the uptake of [3H]thymidine in GPCMV-infected cultured cells and correlating the presence of virus DNA with the observed morphological structures.
METHODS
Virus and cell cultures. GPCMV prototype strain 22122 was originally obtained from the American Type Culture Collection and propagated in guinea-pig embryo (GPE) cells in our laboratory. Virus titre was in the range of 10 6 to 10 6.5 TCIDs0/ml. Primary GPE cell cultures were prepared from 30-to 40-day-old embryos of Hartley strain guinea-pigs as described previously (Hsiung et al., 1976) . GPE cells were grown in Dulbecco's modified Eagle's minimal essential medium containing penicillin (100 units/ml), streptomycin (100 pg/ml) and 10 % foetal bovine serum. Confluent or nearly confluent monolayer cultures were maintained in Eagle's minimal essential medium (MEM) with antibiotics and 5 % foetal bovine serum.
Infection of cells. Subconfluent GPE cells grown in 60 mm culture dishes or in Leighton tubes containing 11 x 22 mm 2 coverslips were infected with GPCMV at approx. 5 TCIDso/cell. Virus was adsorbed for 2 h at 37 °C. Unadsorbed virus was removed and the cell monolayers were washed with Hanks' balanced salt solution and incubated with MEM containing 5 % foetal bovine serum. Control cells were inoculated with MEM containing 5 % foetal bovine serum; the same medium was used for preparation of stock virus.
Uptake of [3H] thymidine. At various times after infection, the medium from duplicate sets of mock-infected and GPCMV-infected cultures was replaced with MEM containing [methyl-3H]thymidine (10/~Ci/ml, 50 Ci/mmol; New England Nuclear)without calf serum.
After 1 h at 37 °C, the cell monolayers were washed with cold phosphate-buffered saline (PBS, pH 7.2). The monolayer cells in culture dishes were fixed in situ with 2% glutaraldehyde in 0.1 M-cacodylate buffer pH 7.3 for 1 h at 4 °C for electron microscopy. The cells on coverslips, after washing with PBS, were fixed in acetic acid-ethanol mixture (1:3) for 15 min and stored in 80% ethanol overnight. On the following day, the coverslips were treated with 0.5 M-perchloric acid to extract the acid-soluble radioactive precursors, washed with distilled water and dehydrated in absolute ethanol as described previously (Fong et al., 1970) . The coverslips, after dehydration and drying, were transferred to scintillation vials and solubilized in Protosol. The total radioactivity per culture was determined in a Beckman LS 7000 liquid scintillation counter using toluene-based scintillation fluid.
Electron microscopy and autoradiography. All samples labelled with [methyl-3H]thymidine, after fixation in 2% buffered glutaraldehyde, were washed with 0.1 M-cacodylate buffer containing 0.08 M-sucrose and post-fixed in 1-33 % osmium tetroxide in s-collidine buffer. En bloc staining was employed at 4 °C for 4 h with uranyl acetate (0.5 %)
followed by dehydration in graded ethanol and embedding in Epon as described previously (Fong et al., 1979) . The procedures for autoradiography used in this study were partially modified from the procedures described by Kopriwa (1973) and Granboulan (1967) . Thin sections (60 to 100 rim) were placed on Formvar-coated copper grids, and stained with uranyl acetate and lead citrate. The grids were mounted on to microscope slides with double-stick tape in the following manner: holes slightly smaller than the grids were punched in strips of double-stick tape, the tape was fastened to the glass microscope slides and the grids mounted over the holes by pressing their edges into the sticky edges of the punched holes. Grids carrying sections of GPCMV-infected cells or the corresponding control cells at various times after inoculation were mounted on each slide. After attachment to the slides, all grids carrying sections of infected and control cells were coated with a thin layer of carbon in a vacuum evaporator followed by emulsion coating. Ilford L4 nuclear emulsion was warmed to 42 °C and diluted with prewarmed distilled water at a ratio of 1 "4. During coating, the temperature of the diluted emulsion was maintained at 32 to 35 °C. The emulsion-coated slides were air-dried and stored in the dark at 4 °C for varying lengths of time. Following suitable exposure, each set of emulsion-coated slides was developed with Microdol-X, fixed with 24 % sodium thiosulphate, washed with distilled water and air-dried. The procedures for photographic emulsion coating and developing were carried out in a darkroom under a Kodak safe light filter no. 2. The grids were removed from the mounting slides, and examined under a Philips EM300 electron microscope without further staining.
RESULTS

Ultrastructure of nuclear inclusions in GPCMV-infected guinea-pig embryo cells
The time sequence of GPCMV replication in relationship to virus morphogenesis in cultured GPE cells was reported previously (Fong et al., 1979) . The correlation between the development of morphological structures present in virus-induced inclusions with virus DNA * Nearly confluent monolayer GPE cells were infected with GPCMV at 5 TCIDs0/cell.
[3H]thymidine (10 gCi/ml) was added to the cultures for 1 h at 37 °C at the indicated times; cells were fixed and processed for electron microscopic autoradiography. The total number of cells counted per sample was from 90 to 155.
"~ Heavily labelled: greater than 10 grains present in each nucleus per cell section. Intermediately labelled: 5 to 10 grains present in each nucleus per cell section. Lightly labelled: 1 to 5 grains in each nucleus per cell section.
synthesis was based upon information obtained regarding the ultrastructural characteristics of GPCMV-induced nuclear inclusions, as described briefly in this section.
Two days after GPCMV inoculation (5 TCIDs0/cell), approx, two-thirds of the infected GPE cells developed characteristic intranuclear inclusions. The inclusions normally consisted of electron-dense amorphous matrices, tubular structures (60 nm diam. in cross-section), virus nucleocapsids at various stages of core assembly, and electron-dense granules (Fig. 1 a) . In some experiments, GPCMV induced bundles of electron-dense fibrils (10 nm diam. in cross-section) but not amorphous matrices (Fig. 1 b) . It was also noted that amorphous matrices and fibrils were not seen simultaneously in the same virus inclusion at any time after infection; the virus inclusions contained either amorphous matrices (most of the time) or fibrils (only occasionally), but not both. The reason for this variation, which occurred during several experiments, has not been resolved.
DNA synthesis in uninfected GPE cells
Since all cultures were exposed to [3H]thymidine at various times post-inoculation, for only 1 h prior to fixation, only those cells undergoing active DNA synthesis and requiring extracellular thymidine during that particular period of time would take up the [3H]thymidine and yield radioactive DNA. In the mock-infected control cells, from 6 to 29 % of the cells were heavily labelled with [3H]thymidine between 18 and 43 h after inoculation (Table 1) , indicating the presence of active DNA synthesis. The grains in mock-infected cells were either scattered within the nucleoplasm (Fig. 2a) , or localized in chromatin at the nuclear periphery (Fig. 2b) . As shown in Table 1 , 5 to 13% of the cells had a few grains present in the nuclei and were classified as lightly labelled. In some cells, mitochondria were also labelled. The background presence of non-specific grains was minimal; occasionally, a few non-specific grains were seen.
Uptake of[3H]thymidine in GPCMV-infected GPE cells
Association of virus DNA synthesis with morphological structures
In samples labelled from 18 to 19 h after GPCMV infection, radioactivity was detected within virus inclusions that were at a very early stage of development. Tubular structures were also developing but were consistently not associated with the grains (Fig. 3) . The uptake By 42 to 43 h after infection, some nuclei were intermediately labelled (Fig. 4) . Again, the labels observed were mostly associated with virus inclusions. Occasionally, mitochondria of c . K . Y .
F O N G GPCMV-infected cells were also labelled, but chromatin was labelled only infrequently. Within the nuclear virus inclusions, the electron-dense amorphous matrices were consistently associated with the grains while the tubular structures and electron-dense granules were not labelled (Fig. 4) . In some GPCMV-infected cells, electron-dense fibrils were produced; these fibrils were also heavily labelled with [3H]thymidine ( Fig. 5 and inset ). These results demonstrate that virus D N A is present in both the electron-dense amorphous matrices and the fibrils. GPCMV-infected cells. A cell count of samples was taken at different times after infection. The nuclei of both uninfected and GPCMV-infected cells containing various numbers of grains were classified as heavily, intermediately, or lightly labelled, according to the number of grains in the nucleus. The results are shown in Table 1 . The total percentage of cells containing radioactive label in the nuclei increased gradually in GPCMV-infected cells. In samples taken from 18 to 27 h after infection most of the cells containing radioactive labels were the cells containing GPCMV inclusions; they were exclusively lightly labelled. The residual heavily labelled cells (less than 1%) in the GPCMV-infected cultures did not develop virus inclusions, and resembled uninfected cells. By 42 to 43 h after infection, nuclei with fully developed virus inclusions had become intermediately labelled and only the cells containing virus inclusions were labelled. In uninfected controls, the percentage of total cells labelled increased during the first day of incubation, but decreased during the second day of the experiment. An initial marked decrease in heavily labelled nuclei shortly following GPCMV infection, as compared with the mock-infected controls, indicates that there is a sharp decrease in host cell DNA synthesis prior to initiation of the virus DNA synthesis.
Inhibition of [3H]thymidine uptake in GPE cells following GPCMV infection
It w a s first n o t e d at 18 to 19 h after G P C M V infection t h a t heavily labelled nuclei
In a separate experiment, the total amount of radioactivity incorporated per culture was measured by liquid scintillation spectroscopy as another means for comparing the uptake of [3H]thymidine in uninfected and GPCMV-infected cells. The results are shown in Table 2 ; the total counts for the infected cultures at various times after infection were consistently lower than the corresponding uninfected control cells for the entire experimental period which extended from 4 to 47 h post-inoculation.
DISCUSSION
Electron microscopic autoradiography allows the localization of virus DNA synthesis at the ultrastructural level. Tritiated thymidine incorporated into DNA can be detected by the presence of reduced silver grains on the photographic emulsion applied directly to the cell sections. The location of the silver grains indicates the presence of newly synthesized DNA and approximates the site of DNA synthesis when a short pulse is used. The tritiated thymidine that has not been incorporated into DNA is removed by the various fluids used during fixation and preparation of the cells for electron microscopic examination.
The association of [3H]thymidine label with the amorphous matrices and the fine fibrils present within the GPCMV-induced intranuclear inclusions clearly demonstrates that these two morphological structures contain newly synthesized virus DNA. The electron-dense amorphous matrices are usually seen in GPCMV-infected cells within intranuclear virus inclusion bodies. At high magnification, fine thread-like filaments can occasionally be seen c.K.Y. FONG within the matrices. These fine filaments have been seen in association with virus cores, and may contain virus DNA (Luetzeler & Heine, 1978) . In some experiments electron-dense fibrils, 10 nm diam. in cross-section, are occasionally present in small bundles in GPCMV-infected GPE cells. These structures are also present in large quantities in the nuclei of GPCMV-infected guinea-pig salivary gland duct cells in vivo (Fong et al., 1980) . Similar fibrils have been observed in cells infected with murine cytomegalovirus (Ruebner et al., 1966) , human cytomegalovirus in vivo (Kawanishi et al., 1967) , and herpes simplex virus-infected WI-38 cells in vitro (Luetzeter & Heine, 1978) . In the latter case, the fibrils were identified as DNA-containing structures.
The tubular structures seen in nuclei of GPCMV-infected GPE cells were consistently not associated with [3H]thymidine uptake, and thus probably do not contain any newly synthesized DNA. This observation confirms data obtained earlier using EDTA differential staining (Bernhard, 1969) on sections of GPCMV-infected cells. The tubular structures stained with uranyl acetate could not be destained by EDTA treatment while all DNA-containing structures were destained by EDTA (C. K. Y. Fong, unpublished data). Furthermore, this finding is in agreement with the previously published report that the synthesis of the tubular structures was not inhibited by the presence of a DNA inhibitor (Fong et al., 1979) ; it appears that the tubular structures are probably protein in nature.
As was also expected, the DNA-containing cores present in virus nucleocapsids or in enveloped virions were not labelled in this study. This was the result of the relatively short pulse of [3H]thymidine that was used. It was apparent that a longer period of time is necessary for the incorporation of synthesized virus DNA into virus particles.
The present study also demonstrated that uptake of [3H]thymidine into cellular DNA was inhibited following GPCMV infection. This result is in agreement with the early studies by Goodheart et al. (1964) and DeMarchi & Kaplan (1977a) with human cytomegalovirusinfected human fibroblasts, and Moon et al. (1976) with murine cytomegalovirus in mouse embryo fibroblast cells. Stimulation of cellular DNA synthesis after GPCMV infection was not observed under the present experimental conditions in which actively growing subconfluent cell cultures were used. However, when confluent GPE cells, in which DNA synthesis had been arrested by serum starvation, were used for GPCMV infection, a marked increase in total DNA synthesis was observed in GPCMV-infected cultures when compared with uninfected controls (data not shown); cellular DNA synthesis was apparently stimulated under these conditions. In similar studies with human and murine cytomegalovirus-infected cells, cellular DNA synthesis was stimulated only when cellular DNA synthesis was arrested first, either by pretreatment with DNA inhibitors or by serum starvation (St. Jeor et al., 1974 , Boldogh et al., 1978 . When virus suspensions partially inactivated by u.v. light (DeMarchi & Kaplan, 1977b; Boldogh et al., 1978) or heat at 56 °C were used or when non-permissive cells (Albrecht et al., 1976; Furukawa et al., 1975) were inoculated, cellular DNA synthesis was also stimulated by cytomegalovirus infection. When non-arrested cell cultures were used for virus infection, inhibition of [3H]thymidine uptake into cellular DNA was always observed (Goodheart et al., 1964; Moon et al., 1976) . DeMarchi & Kaplan (1977a) examined the same cells by immunofluorescence and autoradiography following human cytomegalovirus infection and showed that the same cells which yielded virus antigen did not synthesize cellular DNA. The results obtained in the present study showed that infected cells did not synthesize cellular DNA and virus inclusions at the same time. Thus it supports the previous report by . Hudson (1980) reported that although murine cytomegalovirus infection resulted in inhibition of thymidine incorporation into cellular DNA, the incorporation of other nucleotides into cellular DNA was not affected. He concluded that murine cytomegalovirus neither stimulates nor inhibits cellular DNA synthesis. Since we have not used nucleosides other than [methyl-3H]thymidine, it is not known whether GPCMV behaves similarly to murine cytomegalovirus in this property. Further studies to clarify this problem are currently in progress. 
